The evidence of gut microbiota-mediated modulation of brain function has been widely recognized from studies using germfree rodents or animals with oral antibiotic-induced microbiota depletion. Since the large intestine harbors greater numbers and more diverse of microbes than in the small intestine, large intestinal microbiota may play a crucial role in the modulation of brain function. In this study, a large intestinal microbiotatargeted strategy was used to investigate the impact of large intestinal microbiota on brain function. Twelve piglets (12.08 AE 0.28 kg) fitted with a T-cannula at the distal ileum were fed a standard diet and randomly assigned to two groups (n = 6) for ileal infusion of either saline or antibiotics. After 25 days of infusion, ileal and fecal microbiota, serum amino acids and neurotransmitters, and hypothalamic transcriptomics were analyzed. While the antibiotic infusion did not change the proximal ileal microbial composition, it markedly altered the fecal microbial composition and increased aromatic amino acid (AAAs) metabolism (p < 0.05), suggesting the infusion specifically targeted large intestinal microbes. Concentrations of AAAs were likewise decreased in the blood and hypothalamus (p < 0.05) by antibiotic infusion. Antibiotic infusion further decreased concentrations of hypothalamic 5-hydroxytryptamine (5-HT) and dopamine, in line with AAAs being their precursors. An up-regulation in gene expressions of neurotransmitter transporters and synthetases was observed (q < 0.001). In conclusion, the distalileal-antibiotic infusion altered neurotransmitter expression in the porcine hypothalamus and this effect occurred simultaneously with changes in both the large intestinal microbiota, and AAAs in the large intestine, blood and hypothalamus. These findings indirectly indicate that large intestinal microbiota affects hypothalamic neurotransmitter expressions.
Trillions of microbes colonize the gastrointestinal tract, exerting regulatory effects on gut physiology and helping to maintain homeostasis of the intestinal epithelial surfaces. Furthermore, gut microbiota have also been implicated in regulating the function of the central nervous system (CNS) (Cryan and Dinan 2012) . Changes in the gut microbial community are often observed in patients with neuropsychiatric disorders, such as autism, depression and anxiety (Collins et al. 2012) . The effects of gut microbiota on the CNS may involve metabolic, neural, immune and endocrine mediators (Mu et al. 2016) . Emerging evidence shows that a considerable amount of metabolites in the host circulation is derived from intestinal microbial metabolism (Marcobal et al. 2013) . Intestinal microbiota can affect the metabolism of aromatic amino acids (AAA) including tryptophan, tyrosine and phenylalanine, especially in the large intestine (Davila et al. 2013) , thus leading to significant changes in AAA profile in the blood. Furthermore, AAAs in the mammalian blood are precursors of the neurotransmitters 5-hydroxytryptamine (5-HT) and dopamine in the CNS (Fernstrom 2013) . Thus, it has been shown that oral administration of Bifidobacterium infantis can change tryptophan metabolism, thus influencing the precursor pool for 5-HT in rats (Desbonnet et al. 2008) , illustrating a potential mechanism whereby AAAs may be the metabolic mediators by which gut microbiota affect brain function.
The modulatory role of intestinal microbes on the gut-brain axis has been investigated from studies in germ-free (GF) rodents (Matsumoto et al. 2013; Hoban et al. 2016; De Palma et al. 2017) , and animals with oral antibiotic-induced depletion of the gut microbiota (Desbonnet et al. 2015; Frohlich et al. 2016; Hoban et al. 2016) . Compared with specific pathogen-free mice with a conventional gut microbiota, GF mice had lower concentrations of tryptophan and tyrosine in the brain (Matsumoto et al. 2013) , and exhibited reduced anxiety and increased motor activity (Diaz Heijtz et al. 2011) . Mice with depleted gut microbiota by oral administration of an antibiotic cocktail (ampicillin, bacitracin, meropenem, neomycin and vancomycin), displayed recognition impairment with a decrease in brain-derived neurotrophic factor (BDNF) and an increase in the 5-HT transporter (SERT) (Frohlich et al. 2016) . A previous study further found that oral administration of an antibiotic cocktail (neomycin, bacitracin and pimaricin) to rats led to gut microbiota depletion, which resulted in spatial memory deficits and enhanced depressivelike behaviors, with increased 5-HT and dopamine concentrations, and decreased BDNF expression in the CNS (Hoban et al. 2016) . These studies point to a causal role of the gut microbiota in shaping brain function, supporting important functional implications of the gut microbiota-brain axis.
Along the entire gastrointestinal tract, the large intestine harbors the highest diversity of microbes, which are equipped with a strong fermentative capability to generate various microbial metabolites (Mu et al. 2016) . Changes in the composition of the large intestinal microbiota during psychiatric disorders have been recognized, with a decrease in Bifidobacterium and increases in Desulfovibrio and Bacteroides observed in children with autism spectrum disorder (Finegold et al. 2010) . A previous study in rats showed that an increased abundance of Proteobacteria and Cyanobacteria and a decreased abundance of Firmicutes and Bacteroidetes in the cecum were closely associated with cognitive deficits and decreased tryptophan metabolism in the brain (Desbonnet et al. 2015) . A recent study further showed that transplantation of large intestinal microbiota from patients with intestinal dysbiosis and anxiety resulted in altered brain function and behavior in GF mice (De Palma et al. 2017) . These studies indicate that the large intestinal microbiota may play a crucial role in the modulation of brain function.
In order to test the hypothesis that the large intestinal microbiota modulates certain brain function, we have, for the first time, used broad spectrum antibiotics (ampicillin, gentamycin and metronidazole) to specifically target the large intestinal microbiota using a distal ileum cannulated piglet model. Ileal and fecal microbiota compositions were investigated to uncover the structural changes of microbial community in the gut. Hypothalamic transcriptome was evaluated to dissect the overall hypothalamic response, aiming to understand the potential role of large intestinal microbiota in the regulation of brain function.
Material and methods

Ethical approval
The design and procedures of this study were approved by the Animal Care and Use Committee of Nanjing Agricultural University, in compliance with the Regulations for the Administration of Affairs Concerning Experimental Animals of China (authorization number SYXK (Su) 2011-0036).
Experimental design
Twelve male Duroc 9 Landrace 9 Large White weaned piglets (aged 45 days, 12.08 AE 0.28 kg body weight, RRID: NSRRC_0041) from four litters in a pig farm in Jiangsu Province, China, were selected. The sample sizes of this experiment were predetermined according to the previous method (Noordzij et al. 2011) . All piglets were surgically fitted with a simple T-cannula in the distal ileum according to previous methods (Li et al. 1993) . During the surgery, 5% isoflurane (95% oxygen) was used as the inhalation anesthetic agent because of its short induction and recovery time and the reliability of its effects (Li et al. 1993) . Body temperature of the piglet was maintained constant during surgery using a heating pad. The internal diameter, length and wings of the T cannulas were 1.5, 8.2 and 10.0 cm, respectively. After the ileal cannulation surgery, all the pigs had been hypodermic injected with ceftriaxone sodium to avoid possible infections. Piglets were housed individually in metabolic cages under a comfortable environment with temperature maintained at 26 AE 2°C, and fed with basal diet ad libitum and had free access to water for 10 days. The basal diet was formulated to meet the nutrient requirements of the pigs according to the National Research Council (NRC) (2012) standards for piglets ranging in body weight from 11 to 25 kg (Table S1 ). All efforts were made to minimize pig's suffering. After the 10 days recuperation, piglets were fully recovered from the cannulation surgery. Twelve piglets were randomly assigned to control or antibiotic groups using an online tool (http://www.graphpad.com/ quickcalcs, RRID:SCR_002798). Piglets in the control group (n = 6) were infused 10 mL solution of saline through T-cannula in the distal ileum and piglets in the antibiotic group (n = 6) were infused 10 mL saline with the antibiotic mixture (ampicillin, 150 mg/kg/day; gentamicin, 4 mg/kg/day; and metronidazole, 30 mg/kg/day). The combination of three antibiotics has broad activity against most bacteria in the porcine gut (Birck et al. 2016) . The doses and duration of antibiotics were selected and modified according to previous studies (Looft et al. 2012; Birck et al. 2016) . The 25-day experiment was performed and the solution was infused at 8:00 a.m. every morning before feeding. Body weight of each pig was recorded at the beginning and the end of experiment to determine average daily weight gain. The feed consumption per cage was registered every day to calculate average daily feed intake. The following exclusion criteria were applied: severe weight loss (> 10% within 3 days), severe behavioral deficits (convulsions, stupor) or infections. No single piglet met the exclusion criteria during the study.
Slaughtering and sampling
At day 26, after fasting overnight, all pigs were weighed and then slaughtered between 8:00 a.m. and 11:00 a.m. in a blinded procedure. Blood samples were collected from jugular vein into vacuum tubes and then centrifuged at 3000 g for 10 min to separate serum, and serum samples were immediately stored at À80°C until use. Within 5 min after slaughter, brain of each piglet was removed rapidly from the skull and placed at 4°C. The hypothalamus was identified according to the anatomical structure of pig brain (Lind et al. 2007) , then carefully dissected from the pig brain using sterile blade, and frozen immediately at À80°C until use. Meanwhile, the gastrointestinal tract of each piglet was carefully removed within 5 mins after slaughter; fresh digesta from the proximal ileum and feces were sampled into sterile tube and stored at À80°C for further analysis. The timeline of the experiment can be seen in Fig. 1. DNA extraction, MiSeq sequencing and data processing Total genomic DNA was extracted from 0.3 g of homogenized sample using a bead-beating and phenol-chloroform method as previously described (Dai et al. 2010) . To balance the cost of replicates and the number of replicates necessary, five samples per group were randomly selected using an online tool (http://www.gra phpad.com/quickcalcs/randomselect2, RRID: SCR_002798) for 16S rRNA MiSeq sequencing. Note that one sample per group was excluded from MiSeq sequencing. The V3-V4 regions of 16S rRNA gene were amplified using a universal forward primer (5 0 -barcode-ACTCCTRCGGGAGGCAGCAG-3 0 ) and a reverse primer (5 0 -G GACTACCVGGGTATCTAAT-3 0 ), where barcode is an eight-base sequence unique to each sample (Mao et al. 2015) . The barcodes were set according to a previous report (Fadrosh et al. 2014) . Amplicons were purified using AxyPrep DNA Gel Extraction Kit according to manufacturer's instructions (Axygen Biosciences; Union City, CA, USA). Purified amplicons were pooled in equimolar and paired-end sequenced (2 9 250) on an Illumina MiSeq platform (Majorbio, Shanghai, China) according to the standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (RRID: SCR_004891; accession Number: SRP124814). Raw sequence data generated from 16S rRNA MiSeq sequencing were demultiplexed, quality-filtered using QIIME (version 1.17, RRID: SCR_008249). The 250 base pair (bp) reads were truncated at any site receiving an average quality score < 20 over a 10 bp sliding window, discarding the truncated reads that were shorter than 50 bp. Reads with exact barcode matching, two nucleotide mismatch in primer matching or containing ambiguous characters were removed. Only sequences that overlap longer than 10 bp were assembled according to their overlap sequence. Reads which could not be assembled were discarded. Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1, RRID: SCR_005020) and chimeric sequences were identified and removed using UCHIME (RRID: SCR_008057). The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed by Ribosomal Database Project Classifier (RRID: SCR_006633) against the Silva (SSU115) 16S rRNA database (RRID: SCR_006423) using confidence threshold of 70% (Amato et al. 2013) .
Species richness estimator (Chao and abundance-based coverage estimator), diversity indices (Shannon and Simpson), Shannon evenness and Good's coverage were calculated using mothur software (version 1.36.1, RRID: SCR_011947) according to instructions (Schloss et al. 2009 ). Principal coordinate analysis was conducted based on the Bray-Curtis distance. Analysis of molecular variance (AMOVA) was performed to compare the difference between control and antibiotic groups (Schloss et al. 2009 ). Linear discriminant analysis (LDA) effect size (LDA effect size, RRID: SCR_014609) was conducted to explore the significantly different bacteria at the genus level and the OTU level between control and antibiotic groups (Segata et al. 2011) .
mRNA library construction and sequencing Total RNA was extracted from hypothalamic samples using Trizol reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. The quantity and purity of total RNA were analyzed Antibiotic infusion affected neurochemistryusing RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with RNA integrity number > 7.0. To balance the cost of replicates and the number of replicates necessary, four samples were randomly selected from each group using an online tool (http://www.gra phpad.com/quickcalcs/randomselect2, RRID: SCR_002798) for RNA sequencing (RNA-Seq). cDNA library was constructed using mRNA-Seq sample preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions and the average inserted size for the paired-end libraries was 200 AE 20 bp. The paired-end sequencing was performed on an Illumina Hiseq 4000 (LC Sciences, Houston, TX, USA) in accordance with the manufacturer's standard protocol. The raw sequence data were submitted to Gene Expression Omnibus expression database (RRID: SCR_005012) under the accession number GSE97738.
Mapping, assembly and differential expression analysis
The hypothalamic transcriptome sequencing generated a total of 346.01 million paired-end reads. After removing the low quality reads containing sequencing adaptors, primer or nucleotide with quality score < 20, a total of 50.65 G bp of qualified reads in the hypothalamus were produced. Note that one sample in the antibiotic group was excluded because of the low numbers of qualified reads. Reads of samples were aligned to the pig reference genome downloaded from the University of California, Santa Cruz (http://ge nome.ucsc.edu/cgi-bin/hgGateway). Aligned reads were processed to calculate the relative abundances of the transcripts using the unit of fragment per kilobase of exon per million fragments mapped.
Quantitative reverse transcription-PCR
The first-strand cDNA synthesis (n = 6) was performed using 1 lg of total RNA with a reverse transcription kit (Takara Bio, Shiga, Japan), and cDNA was stored at À20°C until use. A quantitative reverse transcription-PCR (qRT-PCR) was performed in triplicate using SYBR â Premix Ex Taq (TaKaRa Bio) according to the manufacturer's instructions. The reaction system and PCR conditions used in present study were referring to a previous study . The sequences of the PCR primers were listed in Table S2 . The relative quantifications of gene expressions were analyzed by the cycle threshold (Ct) method described previously .
Metabolites, antibiotics and neurotransmitters detection
Concentrations of amino acids in the samples of hypothalamus, proximal ileum, feces and blood (n = 6) were determined by highperformance liquid chromatography (HPLC). Chromatography analysis was implemented using an Agilent 1220 Infinity LC system with an analytical C 18 column and a fluorescence detector (Agilent Technologies, Palo Alto, CA, USA), as described in a previous study (Dai et al. 2014) . Concentrations of phenol and indole in the feces were determined by HPLC according to the method reported previously (Sch€ ussler and Nitschke 1999) . The concentrations of antibiotics including ampicillin, gentamycin and metronidazole in the hypothalamus were determined by commercial antibiotic-specific ELISA kits (MyBiosource, San Diego, CA, USA). The concentrations of gamma-amino butyric acid (GABA), dopamine, BDNF and 5-HT in the hypothalamus and blood were determined using ELISA kits according to manufacturer's instructions (Nanjing Jiancheng Bioengineering Institution, Nanjing, China).
Statistical analysis
The data were analyzed with SPSS 20 (SPSS Inc., Chicago, IL, USA, RRID: SCR_002865) using a randomized complete block design, considering body weight and litter origin as blocking factors. Investigators were blinded to treatment until data analysis. Differences on the microbial diversity indexes and bacterial abundance (at the phylum, the genus and the OTU level) between groups were analyzed by the Mann-Whitney U test. Data were expressed as medians, and the q value was calculated based on the p value with Benjamini-Hochberg false discovery rate multiple testing correction (Benjamini and Hochberg 1995) . A q < 0.05 was regarded as statistically different.
In RNA-Seq analysis, the threshold |fold change (FC)| ≥2 and the q < 0.05 were set for selections of significantly differentially expressed (DE) genes between groups (Benjamini and Hochberg 1995; Dalman et al. 2012) . Selected DE genes were mapped to the Gene Ontology (GO; RRID: SCR_002143) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG; RRID: SCR_001120) pathways to identify potentially altered pathways. p < 0.01 and q < 0.05 were considered statistically significant.
Data of the concentrations of hormonal parameters, metabolites and the expressions of genes between the groups were analyzed with the Kolmogorov-Smirnov test for normal distribution detection and then tested for significance with Student's t-test. Piglets were excluded from analysis if data were not within two standard deviations from the mean. No outliers were excluded from the analyses. Data were expressed as mean AE standard error of mean (SEM), and p < 0.05 was regarded as statistically significant. Spearman's rank correlation analysis between significantly changed bacteria and metabolite profiles was conducted using Graphpad Prism version 6.0 (GRAPHPAD Software, San Diego, CA, USA, RRID: SCR_015807). Correlation was considered significant at p < 0.05. Heatmap visualization was conducted by Multi Experiment Viewer software (version 4.9.0, the Institute for Genomic Research, Rockville, MD, USA, RRID: SCR_001915).
Results
There was no significant difference in average daily weight gain of the piglets (p > 0.05) between control group (mean AE SEM: 539.16 AE 43.26 g/d) and antibiotic group (mean AE SEM: 483.26 AE 39.12 g/d; data not shown). The average daily feed intake per piglet in the control group (mean AE SEM: 1046.89 AE 51.76 g/d) did not significantly differ (p > 0.05) from that in the antibiotic group (mean AE SEM: 952.40 AE 46.93 g/d; data not shown). The concentrations of ampicillin, gentamycin and metronidazole in the hypothalamus were below the lower limit of quantification.
Effects of the distal ileal antibiotic infusion on gut microbial composition The microbial compositions of proximal ileum and feces were evaluated by Illumina MiSeq 16S rRNA sequencing. The Shannon diversity index, abundance-based coverage estimator (Ace) and Chao index of bacteria were not affected in the proximal ileum, but significantly decreased in the feces by 1.35-fold, 2.22-fold and 2.29-fold, respectively, after the antibiotic infusion (Table S3 , p < 0.05). The Bray-Curtis distance-based principal coordinate analysis showed that the microbiota composition was not affected in the proximal ileum (AMOVA, p > 0.05), while significantly changed in the feces after the antibiotic infusion, with an evident separation between the control and antibiotic group (Fig. 2a and b , AMOVA, p < 0.001).
At the phylum level, Firmicutes, Bacteroidetes and Tenericutes were the three dominant phyla in the proximal ileum, and the relative abundances of proximal ileal bacteria were not significantly changed by the antibiotic infusion ( Fig. 2c and d) . In the feces, Firmicutes, Bacteroidetes and Euryarchaeota were the three dominant phyla (Fig. 2e) , and after the antibiotic infusion, the relative abundance of Firmicutes and Actinobacteria in the feces significantly increased by 1.58-fold and 3.39-fold, respectively (Fig. 2f,  p < 0.05) . In contrast, the relative abundance of Euryarchaeota, Spirochaetes and Tenericutes in the feces significantly decreased by 1161-fold, 2961-fold and 5.55-fold, respectively (Fig. 2f, p < 0.05) .
At the genus level, the relative abundances of the 30 most dominating genera in the proximal ileum were not significantly changed by the antibiotic infusion, expect for Streptococcus which significantly increased by 15.45-fold (Table S4 ). In feces, the five most dominating genera (> 1%) were unclassified S24-7 (17.60%), unclassified Clostridiales (11.07%), Methanobrevibacter (8.33%), Treponema (7.17%) and unclassified Ruminococcaceae (7.11%). The LDA analysis revealed that following the antibiotic infusion, the relative abundance of Streptococcus, Lactobacillus, Blautia and Klebsiella significantly increased by 4.42-fold, 26.66-fold, 13.18-fold and 27.67-fold, respectively (Fig. 3a , q < 0.05). In contrast, the relative abundance of Ruminococcus, Clostridium, unclassified Clostridiales, Christensenella, Methanobrevibacter and Prevotella significantly decreased by 5.27-fold, 51.90-fold, 50.16-fold, 400-fold, 957-fold and 9.23-fold, respectively (Fig. 3a, q < 0.05) .
At the OTU level, a total of 128 OTUs were found in the proximal ileum. The relative abundances of the 30 most dominating OTUs in proximal ileum were not significantly changed by the antibiotic infusion, with the exception of the OTU closely related to Streptococcus gallolyticus which significantly increased by 35.32-fold (Table S6 ). In feces, a total of 547 OTUs were detected. The LDA analysis identified that 125 OTUs significantly changed after the antibiotic infusion, including 112 OTUs decreased and 13 OTUs increased (Table S7 , q < 0.05). Following the antibiotic infusion, the relative abundance of OTUs closely related to Bifidobacterium pseudolongum (843-fold), Lactobacillus delbrueckii (152-fold), Lactobacillus reuteri (25.32-fold), Lactobacillus amylovorus (22.86-fold), Lactobacillus mucosae (22.16-fold), Streptococcus alactolyticus (4.41-fold), Streptococcus ferus (4.15-fold) and Klebsiella pneumoniae (27.67-fold) had significantly increased, whereas the relative abundance of OTUs closely related to Clostridium butyricum (97.27-fold), Ruminococcus flavefaciens (367-fold), Fig. 3 Effects of ileal antibiotics infusion on gut microbiota at the genus level and the OTU level. Significantly changed genera (a) and OTUs (b) induced by the antibiotic infusion in feces were presented (n = 5). The q value was calculated based on the p value with false discovery rate correction. *q < 0.05. The detailed data could be found in Tables S5 and S7 . n indicates the number of piglets per group.
Ruminococcus bromii (572-fold), Methanobrevibacter millerae (957-fold), Coprococcus catus (4800-fold), Clostridium scindens (10 310-fold), Prevotella copri (85 300-fold) and Christensenella minuta (174 470-fold) significantly decreased, respectively (Fig. 3b, q < 0.05) . These results clearly showed that the antibiotic infusion had a major influence on the microbiota composition in the large intestine, but little effect in the proximal ileum.
Effects of the distal ileal antibiotic infusion on the hypothalamic transcriptome
The functional changes of the hypothalamus following the antibiotic infusion were revealed through transcriptome sequencing. The gene expression profiles showed that 1389 DE transcripts were annotated in the hypothalamus at the particular cut off criteria (|FC| ≥ 2, q < 0.05) (Fig. S2) . Among the annotated genes in the hypothalamus, 693 genes were up-regulated and 696 genes were down-regulated. In detail, the most up-regulated gene was the serotonin transporter gene SERT, with a 136-fold increase in the antibiotic group. The most down-regulated gene was transcription factor A, mitochondrial (TFAM), with a 36.25-fold decrease in the antibiotic group (q < 0.05).
The DE genes were subjected to GO functional category analysis, following by GO enrichment analysis. All DE genes were enriched in three main functional categories, including biological process, cellular components (CC) and metabolic function (Fig. S3 , q < 0.05). At the biological process level, most of DE genes were represented in the transport, translation and potassium ion transport. In the CC category, most of DE genes were classified into centrosome, ribosome and ribonucleoprotein complex. At the metabolic function level, most of DE genes were enriched in calcium ion binding, protein kinase binding and structural constituent of ribosome.
To better understand the functional changes in the hypothalamus, the DE genes were subjected to the KEGG database (Sus scrofa) for pathway enrichment analysis. Results showed significantly changed pathways in the hypothalamus of pigs with the antibiotic infusion (Fig. S4 , q < 0.05), including endocrine system (oxytocin signaling pathway and GnRH signaling pathway), cellular community (focal adhesion and gap junction) and circulatory system (adrenergic signaling in cardiomyocytes and vascular smooth muscle contraction). The related pathways containing these DE genes in the hypothalamus were further analyzed and DE genes related to neurotransmitter expressions are shown in Fig. 4a .
Validation of RNA-Seq results by qRT-PCR
The expressions of some key hypothalamic DE genes revealed by RNA-Seq analysis were subsequently evaluated by qRT-PCR (Fig. 4b) . Six up-regulated genes related to neurotransmitter signaling, including SERT, DAT, TPH2, AADC, ADRB1 and PRKCG, one down-regulated gene (BDNF) and one unchanged gene (CCR1) were validated. After the antibiotic infusion, the relative hypothalamic expression of SERT, DAT, TPH2, AADC, ADRB1 and PRKCG significantly increased by 93.05-fold, 17.51-fold, 40.62-fold, 6.67-fold, 3.97-fold and 2.39-fold, respectively (p < 0.05). The expression of BDNF significantly decreased by 3.86-fold (p < 0.05), while the expression of CCR1 was not significantly changed by the antibiotic infusion. The qRT-PCR results were consistent with RNA-Seq results, indicating that the RNA-Seq results in this study were reliable and accurate.
Effects of the distal ileal antibiotic infusion on neurotransmitters and amino acids in pigs
The concentrations of neurotransmitters and amino acids in pigs were determined by HPLC and are shown in Fig. 5 . After the antibiotic infusion, concentrations of GABA, dopamine, 5-HT and BDNF significantly decreased in the hypothalamus by 1.32-fold, 1.13-fold, 1.40-fold and 1.31-fold, respectively (p < 0.05). Similarly, in the blood, the concentrations of GABA, dopamine, 5-HT and BDNF significantly decreased by 1.15-fold, 1.18-fold, 1.17-fold and 1.44-fold, respectively (p < 0.05).
Following the antibiotic infusion, the concentration of tyrosine significantly decreased in feces, blood and hypothalamus by 1.53-fold, 1.45-fold and 1.25-fold, respectively (p < 0.05). Likewise, the concentration of tryptophan was significantly reduced in feces, blood and hypothalamus by 1.88-fold, 1.31-fold and 1.50-fold, respectively (p < 0.05). In the same line, the concentration of phenylalanine significantly decreased in feces, blood and hypothalamus by 1.59-fold, 1.33-fold and 1.21-fold, respectively (p < 0.05). In addition, the concentration of glutamate significantly increased in the hypothalamus by 1.19-fold (p < 0.05). In the feces, the concentration of indole significantly increased by 1.21-fold (p < 0.05), and the concentration of phenol tended to increase by 1.38 following the antibiotic infusion (0.05 < p < 0.10).
Discussion
The gut microbiota-brain axis is becoming increasingly recognized as an important pathway for modulating brain function (Cryan and Dinan 2012; Mu et al. 2016) . Hypothalamus is a primary central nervous site in mammals for control of energy balance and feeding behavior (Meister 2007) . Furthermore, the hypothalamus is also a part of hypothalamic-pituitary-adrenal axis, which regulates host response to stress (Xu et al. 2006) . GF rodents exhibit with changed gene expression profiles in hypothalamus and enhanced anxiety-like behaviors compared with specific pathogen-free rodents (Sudo et al. 2004; Crumeyrolle-Arias et al. 2014) , pointing to a potential interaction between gut microbiota and hypothalamic function. In the present study, the effects of distal ileal antibiotic infusion on the functional changes of porcine hypothalamus were, for the first time, evaluated and revealed that infusion of antibiotics results in alterations of hypothalamic neurotransmitter expression.
The distal ileal antibiotic infusion altered microbiota composition and AAA metabolism in the large intestine, but not in the small intestine There is a growing body of data to show that the gut microbiota regulates the development and function of the brain, and that disturbances of the microbial composition may contribute to functional disorders of the CNS (Collins et al. 2012; Cryan and Dinan 2012) . In the present study, the microbial community of the feces, but not the proximal ileum, was changed markedly by antibiotic infusion. This may be primarily because of that instead of reaching to proximal small intestine, the distal ileal infused antibiotics may directly flow into the large intestine along with the intestinal digesta, which are driven by small intestinal motility in pigs (Hipper and Ehrlein 2001) . Therefore, our findings indicate that the distal ileal antibiotic infusion specifically targeted the microbiota in the large intestine. The fecal microbiota displayed a distinct composition with reduced diversity and richness following antibiotic infusion.
Notably, an increase of Lactobacillus and Bifidobacterium species in the large intestine was observed in response to antibiotic infusion. Interestingly, decreased abundances of Lactobacillus and Bifidobacterium are observed in feces of humans with neurophysiological disorders, such as depression and stress (Logan and Katzman 2005; De Angelis et al. 2013) , suggesting that Lactobacillus and Bifidobacterium in the large intestine may have an impact on CNS function. However, the communication between the gut microbiota and CNS, particularly Lactobacillus and Bifidobacterium, is still largely unknown. Since microbes in the large intestine have strong fermenting abilities and can produce microbial metabolites (Koh et al. 2016 ), large intestinal microbes may affect brain function in a metabolite-dependent manner. Among major genera, Lactobacillus and Bifidobacterium not only have carbohydrate-degrading capacities, but also AAA fermentation abilities in the large intestine (Davila et al. 2013) . A previous study in rats demonstrated that oral administration of Bifidobacterium species changed tryptophan metabolism, further influencing the precursor pool for 5-HT (Desbonnet et al. 2008) . In the present study, the increase in the abundance of Lactobacillus and Bifidobacterium species was associated with a decrease in AAA concentrations including tyrosine, phenylalanine and tryptophan (Fig. S5) , suggesting that there was an inverse correlation of Lactobacillus and Bifidobacterium species with AAAs concentrations in the large intestine.
Aromatic amino acids fermentation by intestinal microbes can produce phenolic and indolic compounds (Smith and Macfarlane 1996) . A previous study reported that the decrease in the abundance of Lactobacillus and Bifidobacterium, along with the increased concentrations of AAAs and decreased concentration of indole were observed in feces of children with autism spectrum disorder (De Angelis et al. 2013) . In the present study, corresponding with the decrease of AAAs in the large intestine, concentrations of phenol and indole increased in the large intestine following antibiotic infusion. Therefore, our results point to alterations of microbiota composition and AAA metabolism in the large intestine after antibiotic infusion.
The distal ileal antibiotic infusion decreased concentrations of AAAs and their derived neurotransmitters in the hypothalamus and circulation Aromatic amino acids, including tryptophan, tyrosine and phenylalanine, are important substrates for the biosynthesis of monoamine neurotransmitters, thereby influencing brain function (Fernstrom et al. 2007 ). In the current study, the levels of circulating tryptophan, tyrosine and phenylalanine declined following antibiotic infusion. The small intestine is the major site for amino acid absorption and AAAs have been reported to be transported via neutral amino acid transporters, such as large amino acid transporter . In the present study, while the concentrations of these AAAs remained unaltered in the small intestine, they were decreased in the large intestine. Although the large intestine is not the major amino acid absorption site, the neutral amino acid transporters for AAA absorption, such as LAT1 and LAT2, have been reported to be primarily distributed in the large intestine (del Amo et al. 2008) , pointing to that AAAs can be transported from the large intestine into circulation. Therefore, our results suggest that the decrease in large intestinal AAA concentrations following antibiotic infusion may be responsible for the decline of AAA levels in the circulation.
Once absorbed from the gut and made available in the circulation, AAAs can cross the blood-brain barrier (Fernstrom 2013) . In the present study, the concentrations of Changes in the concentrations of neurotransmitter-related amino acids in the pigs in the antibiotic group compared with control group (n = 6). The detailed amino acids profiles could be found in Table S8 . (c) Changes in the concentrations of the fecal aromatic amino acids relevant metabolites in pigs in the antibiotic group compared with control group (n = 6). The detailed data could be found in Table S10 . The values are presented as log 2 (fold change).
# p < 0.05; ## p < 0.01; ### p < 0.001; n.s, not statistically significant. n indicates the number of piglets per group.
AAAs decreased in both the circulation and in the hypothalamus. Consistent with our findings, previous studies showed that reduced plasma levels of tryptophan and tyrosine resulted in decreased brain AAA uptake (Fernstrom et al. 1995; Williams et al. 1999) . Thus, our findings point to the fact that AAAs in the circulation may be potential messengers in the communication between gut and brain. Aromatic amino acids are precursors for 5-HT and dopamine in the brain (Fernstrom 2013 ). In the current study, accompanied by decreased concentrations of AAAs, the levels of 5-HT and dopamine declined in the hypothalamus following antibiotic infusion. Consistent with our findings, previous studies also revealed that the shortage of AAAs in the brain was closely correlated with the decrease in 5-HT and dopamine concentrations (Fernstrom et al. 1995; Williams et al. 1999) . Thus, our findings indicate that the biosynthesis of 5-HT and dopamine in the hypothalamus may be hindered by antibiotic infusion. 5-HT and dopamine in neurons of the hypothalamus have been reported to play important roles in the regulation of feeding behavior and body weight (Meister 2007) , indicating that the decrease in 5-HT and dopamine in the hypothalamus may contribute to the dysregulation of food intake and body weight. However, the food intake and body weight gain of pigs were not changed after the antibiotic infusion. This may be partly because of the minor decrease in concentrations of hypothalamic 5-HT and dopamine, and other reasons discussed below.
The distal ileal antibiotic infusion affected key processes of neurotransmitter expressions in the hypothalamus Monoamine neurotransmitters, including 5-HT and dopamine are mainly synthesized from AAAs by key synthetases, such as tryptophan hydroxylase 2 (TPH2) and aromatic amino acid decarboxylase (Fernstrom et al. 2007 ). Therefore, expressional changes in these synthetases may have an impact on hypothalamic 5-HT and dopamine concentrations. Interestingly, in this study, the gene expressions of TPH2 and AADC in the hypothalamus were increased after antibiotic infusion, indicating that the synthesis process of 5-HT and dopamine may be enhanced. Based on the current findings, the high expressions of TPH2 and AADC may be because of a feedback mechanism in response to reduced AAAs in the hypothalamus following antibiotic infusion. In addition, this finding may also explain the reason for the minor decrease in the concentrations of 5-HT and dopamine, along with the declined AAAs availability in the hypothalamus after the antibiotic infusion.
Neurotransmitter transporters such as SERT and dopamine transporter recruit 5-HT and dopamine from synaptic cleft to the presynaptic neuron (Bannon et al. 2001; Cervilla et al. 2006) . In the present study, increases in the gene expressions of SERT and DAT in the porcine hypothalamus were observed, along with the decrease in expressions of 5-HT and dopamine. Consistent with our finding, an association between increased transporter expression and decreased neurotransmitter levels has been reported by others (Daws et al. 2002; Jennings et al. 2006) . Therefore, our findings may reflect an enhancement in neurotransmitters recruitment in the hypothalamus after antibiotic infusion. Elevated gene expressions of SERT and DAT in the hypothalamus observed in this study have been reported to be associated with neuropsychiatric disorders, such as depression in humans and rats (Dahlstrom et al. 2000; Song et al. 2015) . This points to the possibility that piglets after antibiotic infusion may have a higher risk of neuropsychiatric disorders than normal piglets.
Activation of serotonergic and dopaminergic systems can promote the expression of BDNF, which is an important neurotrophin in the hypothalamus for the regulation of feeding behavior and body weight (Tapia-Arancibia et al. 2004) . In the present study, the decreased levels of 5-HT and dopamine after antibiotic infusion, were associated with lower BDNF expression in the hypothalamus, which would contribute to the increased body weight and appetite in host (Kernie et al. 2000) . However, the food intake and body weight of piglets were not changed in this study. This may be partly result from the declined concentration of GABA, which exerts an inhibitory effect on the satiety function in the hypothalamus to promote feeding, by activating GABA receptors, and inhibiting signalings, such as phospholipase C (PLC)-protein kinase C signaling (Stanley et al. 2011) . In the present study, the expression of GABA A receptor decreased, while the gene expressions of PLC-protein kinase C signaling factors, such as PRKCG and PLCB3 increased. This points to the possibility that the altered GABAergic system may offset the changes in food intake and body weight induced by low level of BDNF.
Proposed model of changes in hypothalamic neurotransmitter expressions after antibiotic infusion
The present study demonstrates that the neurotransmitter expressions of the porcine hypothalamus were altered after ileal antibiotic infusion, which specifically targeted the large intestinal microbiota. Although the antibiotic mixture used in this study may be absorbed to some extent from the gut into the circulation, it remained undetectable in the hypothalamus, suggesting that antibiotics may be not the main factor for the changes in hypothalamic neurotransmitter expressions. Therefore, based on our findings, here, we proposed a model to explain the underlying mechanisms as outlined in Fig. 6 . The distal ileal antibiotic infusion did not affect the small intestinal microbiota, but specifically changed the large intestinal microbiota composition, with an increase in bacterial AAAs fermentation, which resulted in decreased AAA availability in the large intestine. Thus, lower concentrations of AAAs were drained into the blood from the large intestine, leading to the reduced AAAs concentrations in the circulation. Circulating AAAs can cross the blood-brain barrier into the CNS act as precursors for 5-HT and dopamine synthesis (Fernstrom 2013 ). In the current study, the decrease in the concentrations of circulating AAAs may result in low AAA levels in the hypothalamus, and further hinder the biosynthesis of 5-HT and dopamine. Furthermore, the enhancement in neurotransmitter recruitments may also lead to the low concentrations of 5-HT and dopamine in the hypothalamus. This proposed model will be further investigated thoroughly.
In conclusion, this study reveals that infusion of antibiotics into the distal ileum affect large intestinal microbiota composition, AAA concentrations along the gut-brain axis, AAA-related neurotransmitter expressions and the gene expressions of neurotransmitter transporters and synthetases in the porcine hypothalamus. These findings indirectly indicate that large intestinal microbiota affects hypothalamic neurotransmitter expressions in piglets. In addition, our findings also highlight circulating AAAs as the crucial mediators in the communication between gut and brain in response to antibiotic-induced manipulation of the large intestinal microbiota. All experiments were conducted in compliance with the ARRIVE guidelines.
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